Stress granules (SGs) are an important component of cellular stress response. Compromised assembly of SGs as well as their premature or delayed disassembly affect physiology and survival of cells under stress or during recovery from stress. Consequently, abnormal turnover of SGs has been implicated in the development of various pathologies, including neurodegeneration. We found that pretreatment of cells with a natural disaccharide trehalose, a known autophagy enhancer, delays SG assembly and facilitates their premature post-stress disassembly. Mechanistically, the effect of trehalose on SGs is mediated via the p-eIF2α rather than autophagosome pathway. Trehalose increases pre-stress levels of p-eIF2α and its phosphatase subunits and promotes post-stress translational recovery. Upon prolonged treatment, trehalose impairs basal translation affecting production of transiently expressed proteins. Early translational recovery and SG disassembly induced by trehalose pretreatment can sensitise cells to stress and impair survival. Our study has important implications for the use of trehalose in studies of autophagic clearance of misfolded proteins and for targeting SGs as a possible therapeutic approach in neurodegenerative and other diseases.
Stress granules (SGs) are cytoplasmic RNA-protein complexes found in the majority of cultured eukaryotic cells, from yeast to human, under specific stress conditions 1 . SGs comprise a variety of proteins some of which are essential for SG assembly and others are recruited in a piggy-back fashion. The majority of SG proteins contain either a low-complexity (prion-like) domain, which facilitates phase transition, or a RNA-binding domain(s), which allows interaction with core SG components, or both 2 . Among functions of SGs are protection of cellular RNAs from degradation; mRNA triage during stress; participation in stress signaling; protection from cell death [3] [4] [5] [6] [7] [8] . For most stresses, SG formation is initiated by increased phosphorylation of the α subunit of eukaryotic initiation factor 2 (eIF2), a component of the eIF2-GTP-tRNAiMet ternary complex 9 . This event blocks polysome assembly and halts translation. However, in some cases SGs are formed independent of eIF2α phosphorylation and can be triggered by inhibition of other translation initiation factors such as eIF4A 10 . Many SG proteins are known to be dysregulated in human disease, first of all, in amyotrophic lateral sclerosis (ALS) [11] [12] [13] . Some ALS-associated SG proteins have been reported to regulate SG assembly and dynamics [14] [15] [16] [17] [18] [19] . Enrichment of SGs with proteins containing low-complexity domains suggested that they can become 'seeds' for subsequent secondary aggregation of these proteins and development of a proteinopathy. In this scenario, SGs or SG-like assemblies containing abnormal proteins might persist in cells longer than required for normal SG-associated signaling giving rise to proteinaceous inclusions 12, 20 . Therefore, approaches aimed at promoting timely disassembly of SGs are considered as means to prevent accumulation and aggregation of specific proteins. A class of such compounds recently reported to promote SG disassembly are autophagy enhancers 21 .
In present study we tested a panel of established autophagy enhancers with different mechanism of action. To our surprise, the only compound capable of promoting SG disassembly was a disaccharide trehalose. We further established that the effect of trehalose on SGs is mediated primarily via the p-eIF2α pathway.
for their ability to accelerate SG disassembly and identify the most efficient compounds. A simple quantitative approach was utilised: neuroblastoma SH-SY5Y cells were pretreated with each compound for 20 h; subjected to a reversible oxidative stress (sodium arsenite, SA) for 1 h in the presence of the compound; washed from SA and left to recover for 2 h in the presence of the compound; stained for an established SG marker TIAR (Fig. 1a) . The fraction of cells with at least two large (mature) SGs was determined for each compound. In this experimental setting, ~30% of control cells clear SGs from cytoplasm after 2 h of recovery. Unexpectedly, among autophagy-inducing compounds with distinct mechanisms of action, a significant decline of the number of cells with SGs was detected only in trehalose-treated cultures (Fig. 1a,b) . This effect was due to accelerated SG disassembly since virtually all cells developed two and usually more SGs in the presence of trehalose after 1 h of SA treatment (Fig. 1c) .
Consistent with the previous report 22 , we observed visible conversion of LC3I to LC3II, a marker of activated autophagy, only after prolonged, 16-24 h, exposure to 100 mM trehalose ( Supplementary Fig. 1a,b) . However, not only such long but also significantly shorter pretreatment (1 h) or lower concentration (50 mM) of trehalose that did not induce detectable LC3 conversion promoted SG disassembly during recovery from SA (Fig. 1d,e) . To assess whether autophagy-stimulating properties of trehalose contribute to its ability to promote SG clearance, we used two late-stage autophagy inhibitors, bafilomycin A1 and chloroquine. As expected, both compounds cause increased levels of LC3B-II isoform after 3 h of treatment indicating accumulation of defective autophagosomes ( Supplementary Fig. 1c ). However, co-treatment with these inhibitors did not alter the ability of trehalose to promote SG disassembly post-stress (Fig. 1f) .
Thus trehalose facilitates SG disassembly via an autophagy-independent route.
Trehalose promotes post-stress p-eIF2α dephosphorylation and translational recovery. Since SG disassembly is usually coupled with restoration of translation, we measured the effect of trehalose pretreatment on translation after stress. We pretreated cells with 100 mM trehalose for 1 h, stressed cells with SA for 1 h and assessed puromycin incorporation by Western blot during recovery from this stress. Puromycin signal appeared after 3 h of recovery, and at this time point we detected significantly higher translational rates in trehalose-pretreated cells whereas the difference was no longer detectable after 4 h of recovery (Fig. 2a) . This indicated that trehalose pretreatment accelerates restoration of translation. SG disassembly is linked to dephosphorylation of p-eIF2α , which promotes translational recovery 9 . We therefore assessed the effect of trehalose pretreatment on levels of p-eIF2α (Ser51) in cells either only treated for 2 h; or pretreated with trehalose for 1 h and stressed with SA for 1 h; or pretreated with trehalose for 1 h, stressed with SA for 1 h and recovered for 2 h. Approximately 25% decrease in p-eIF2α levels was detected in trehalose-pretreated cells after 2 h of recovery compared to control cells (Fig. 2b) , and there was a correlation between cellular p-eIF2α levels and the number of SGs per cell (Fig. 2c) . At the same time, the level of HSP70 chaperone which is known to facilitate SG disassembly 23 was not altered in response to trehalose treatment (Fig. 2b) . Similar decrease in post-stress p-eIF2α levels was observed for the 24 h trehalose pretreatment ( Supplementary Fig. 1d ) and without continuous presence of trehalose in the media (i.e. 1 h pretreatment only) ( Supplementary Fig. 1e ). In sharp contrast, lack of pretreatment (trehalose addition together with SA or immediately before recovery) increased p-eIF2α levels and did not have an effect on SGs measured after 2 h of recovery ( Supplementary Fig. 1f,g ).
Thus, trehalose pretreatment primes cells for faster translational recovery and associated SG disassembly.
Trehalose upregulates basal p-eIF2α levels and PP1 phosphatase subunits. We next wanted to understand why cells pretreated with trehalose are characterised by accelerated post-stress decrease in p-eIF2α levels. p-eIF2α is dephosphorylated by PP1 phosphatase that has two regulatory subunits, the constitutively expressed CReP and the stress-inducible GADD34. Dephosphorylation of p-eIF2α is known to be blocked by guanabenz, a selective inhibitor of GADD34 24 . Indeed, when added to cells immediately before recovery, guanabenz blocked dephosphorylation of p-eIF2α equally well in the presence and in the absence of trehalose (Fig. 3a) and delayed SG disassembly in trehalose-pretreated cells, eliminating the difference between these and control cells at least at the 1.5 h of recovery time point (Fig. 3b) . Another small molecule, salubrinal, which inhibits both GADD34 and CReP had a similar effect (Fig. 3b ). These observations suggest that trehalose primes cells for faster dephosphorylation of p-eIF2α , which in turn initiates restoration of translation and disassembly of SGs during the recovery phase.
Restoration of normal stress recovery pattern in the presence of inhibitors of PP1 phosphatase subunits hinted to the possibility that the observed effect of trehalose on p-eIF2α dephosphorylation during recovery from acute stress could be mediated via these subunits. Indeed, when compared to control cells, GADD34 and CReP expression were upregulated in cells treated with trehalose for 2 h (Fig. 3c, " no SA" bars) or pretreated with trehalose and stressed with SA (Fig. 3c , "1 h SA" bars).
What can be behind upregulation of phosphatase subunits in trehalose-treated cells? We noticed that in unstressed cells treated with trehalose for 1 h the level of p-eIF2α was consistently elevated (Figs 2b, 3a and 4b). Similarly, a small but statistically significant and reproducible increase in the basal level of p-eIF2α was observed after prolonged trehalose treatment (24 h in Fig. 3d ), indicating that trehalose might cause a mild stress. Guanabenz further increased the level of p-eIF2α when added to cells together with trehalose (Fig. 3d) , indicating that phosphorylation of eIF2α in these cells is controlled, at least partially, by the availability of GADD34 phosphatase regulatory subunit. Therefore, mild stress response caused by trehalose is compensated to some extent by increased amount on phosphatase regulatory subunit(s) and consequent higher rate of p-eIF2α dephosphorylation.
Taken together our data suggested that basal increase in p-eIF2α levels in the presence of trehalose transcriptionally upregulates PP1 subunits and promotes p-eIF2α dephosphorylation after stress.
Trehalose delays the build-up of p-eIF2α levels and SG assembly during oxidative stress. CReP and/or GADD34 are upregulated in the presence of trehalose before the application of strong acute stress. This should postpone the build-up of p-eIF2α levels during stress, which could result in a delay in SG assembly. We examined SG formation and p-eIF2α levels in trehalose-pretreated cells harvested 10, 20 and 30 min after stressing them with SA. SG assembly was visibly delayed after 10 min of SA exposure in trehalose-pretreated cells (Fig. 4a) , and this correlated with downregulation of p-eIF2α at this time point (Fig. 4b) . However this effect of trehalose pretreatment was transient -SG assembly and the build-up of p-eIF2α were indistinguishable in control and trehalose-treated cells already after 20 min of SA (Fig. 4a,b) . Therefore, trehalose pretreatment can affect the dynamics of SG assembly during stress.
Trehalose pretreatment affects basal translation. Increased basal p-eIF2α in trehalose-pretreated cells suggested that protein translation can be attenuated in these cells. Indeed, global translation was negatively affected after prolonged trehalose treatment; this effect was concentration-dependent and reversible (Fig. 5b) . However, even long exposure to the highest concentration of trehalose (100 mM) caused only ~50% inhibition of translation and did not trigger all-out stress response with SG formation. Moreover, expression of ATF4 and CHOP, two major downstream stress effectors of p-eIF2α , was not changed (Supplementary Fig. 2 ). Inhibited basal translation in the presence of trehalose suggested that expression of transiently transfected proteins will be decreased. We measured levels of a transiently expressed soluble protein, GFP, as well as levels of full-length TDP-43 protein and its aggregate-prone C-terminal fragment tagged with GFP. Levels of all three proteins were decreased upon prolonged trehalose exposure (Fig. 5b,c) .
Thus prolonged treatment with trehalose significantly affects translational rates compromising expression of exogenous proteins including soluble ones.
Trehalose pretreatment decreases p-eIF2α level and cell survival following different types of stress. To assess whether the decrease of p-eIF2α level in trehalose-pretreated cells is specific for SA-induced oxidative stress, we tested other types of acute stresses. Naïve cells or cells pretreated with 100 mM trehalose for 1 h were either treated with an ER stress inducer dithiothreitol (DTT, 1 mM) for 4 h or exposed to 43 °C heat shock (HS) for 1 h with consequent recovery at 37 °C. Trehalose-pretreated DTT-stressed cells displayed a decrease of p-eIF2α level compared non-pretreated cells; similarly, trehalose pretreatment led to decreased p-eIF2α levels after 1 h of HS and this effect persisted during the recovery period (Fig. 6a) .
Accelerated recovery from stress has been reported to impair cellular viability 5, 26 . We examined the effect of trehalose pretreatment on survival of cells exposed to DTT or HS. Whereas DTT itself did not significantly affect cellular viability, concomitant trehalose pretreatment reduced cell survival (Fig. 6b) . HS resulted in decreased survival (71.1 ± 10.2% decrease from the pre-stress level after 1 h of HS, p < 0.001) and appearance of apoptotic cells positive for cleaved caspase 3; these effects were exacerbated by trehalose pretreatment (Fig. 6c,d ). 
Discussion
The lifecycle and turnover of SGs have recently attracted close attention of researchers in the field of neurodegeneration. Malfunction of SG is believed to contribute to pathogenesis of many neurodegenerative conditions and normalisation of their function might be a promising therapeutic approach. Stimulation of autophagy was recently identified as one of means to promote SG disassembly 21 . However, it was not clear whether all autophagy-promoting compounds equally affect SGs. Moreover, there is still limited data on possible consequences of forced SG disassembly.
In present study we identified trehalose as a molecule potently promoting SG disassembly during recovery from a reversible oxidative stress. To our surprise, other autophagy-enhancing compounds did not affect SG disassembly rates, at least in the experimental setting we used. This is consistent with a recent finding that only a minor fraction of SGs is dependent on autophagy whereas most of them are dissolved via the activity of chaperone complexes 27 . Thus participation of autophagy in SG clearance is a complex phenomenon that likely depends on many factors, such as type of stress or SG composition.
Our data suggest that trehalose exerts its effect on SGs via the p-eIF2α pathway. By affecting p-eIF2α levels in basal and stressed state, trehalose modulates the ability of cells to maintain SG assembly following acute strong stress. The increase of basal p-eIF2α level by trehalose indicates that the treated cells undergo some sort of stress. However, this increase is not sufficient for triggering all-out tress response characterised by complete translational arrest and SG formation. It is feasible that elevated expression of PP1 phosphatase regulatory subunits GADD34 and CReP found in trehalose treated cells represents a mechanism of cell adaptation lessening the degree of cell stress response to mild stressors like trehalose. Surprisingly, induction of GADD34 by trehalose was not associated with induction of ATF4 or a pro-apoptotic factor CHOP, two proteins involved in transcriptional control of GADD34 levels under certain conditions 28 . This suggests the existence of an alternative mechanism of GADD34 regulation by elevated levels of p-eIF2α . We also examined whether CReP, a phosphatese subunit responsible for maintaining low basal p-eIF2α levels, might be behind the effect of trehalose on p-eIF2α levels using CReP knockout cells, however it does not appear to be the case (our unpublished observations). Thus, the increase in p-eIF2α levels in the presence of trehalose is likely to rely on the activity of a specific eIF2α kinase(s) and this needs to be addressed in future studies.
Although trehalose is widely used as an autophagy-promoting drug, its mechanism of action remains unknown. Since elevated p-eIF2α levels were reported to induce autophagy 29, 30 , upregulation of basal p-eIF2α by trehalose may therefore be a mechanism behind its autophagy-stimulating properties.
We demonstrated that phosphorylation of eIF2α by trehalose is sufficient to significantly, although not dramatically, impair protein translation. Many studies of autophagic clearance of misfolded proteins relied on the use of trehalose at combination of concentration and time of exposure (100 mM for 24 h or longer) which severely impairs expression of transfected plasmids at the translational level resulting in the decrease of soluble protein and consequently of aggregated species. Thus it is hard to separate the effect of trehalose-mediated stimulation of autophagic protein clearance and the effect of attenuated translation of the exogenous protein in cells transiently overexpressing aggregate-prone proteins. This should be taken into consideration while designing such studies in the future.
Maintaining p-eIF2α levels above a certain threshold during stress was reported to be critical to ensure post-stress survival whereas early recovery decreases viability 5, 26 and we found the same pattern with trehalose. Therefore it should be kept in mind that approaches to force disassembly of "pathological" SGs may simultaneously affect normal, protective SGs which would be detrimental for cellular viability.
In conclusion, in present study we have identified previously unknown effects of trehalose on the p-eIF2α pathway, cellular translation and SGs. These data shall help better interpret previous results and design future studies of aggregate-prone proteins associated with neurodegenerative diseases with the use of trehalose in cell and animal models.
Materials and Methods
Cell maintenance and transfection. SH-SY5Y human neuroblastoma cells were maintained in Dulbecco's modified Eagle's medium, supplemented with 10% fetal bovine serum, 100x Penicillin/Streptomycin and 200 mM glutamine (all Invitrogen). Cells were transfected with pEGFP-C1 plasmid (Clontech) or plasmids encoding GFPtagged, full-length WT TDP-43 and TDP-43 C-terminal fragment (aa 193-414) using Lipofectamine2000 according to manufacturer's instructions. To obtain full-length and TDP-43 C-terminus, respective DNA fragments were PCR-amplified using cDNA from SH-SY5Y cells and AccuPrime polymerase and cloned into pEGFP-C1 vector. Cell toxicity assay. Cells were plated onto μ Clear ™ 96-well black plates (Greiner Bio-One) at 80% confluency and treated as indicated in the Results section/figure legend. Cell viability was assessed using resazurin-based CellTiter-Blue ® Cell Viability Assay (Promega) according to manufacture instructions.
Treatments.
Immunofluorescence on coverslips and SG analysis. Cells were prepared for fluorescent microscopy as described previously 36 . Briefly, cells were fixed with 4% paraformaldehyde on ice for 15 min, followed by washes with PBS and 5 min permeabilisation in cold methanol. After blocking in 5% goat serum/PBS/0.1% Triton X-100 for 1 h at room temperature, coverslips were incubated with primary antibodies diluted in blocking solution for 1 h at room temperature or at 4 °C overnight. Secondary fluorochrome conjugated antibody was added for 1 h at room temperature in dark place and nuclei were stained with DAPI. Coverslips were mounted on glass slides, on drop of Immumount mounting media (ThermoScientific). Fluorescent and phase contrast images were taken using BX61 microscope (Olympus), F-View II camera (Olympus) and Cell F software. Images were prepared using Photoshop CS3 or PowerPoint 2003 software. Cells possessing two or more large (mature) SGs (visualised by anti-TIAR staining) and total number of cells per a view field (x100 magnification) were counted in 20 or more randomly chosen fields (total ~200-300 cells per coverslip) blindly for the treatment, and mean ratio value was used for statistics. For analysis of correlation between p-eIF2a levels and SG numbers, p-eIF2α staining Scientific RepoRts | 7:44088 | DOI: 10.1038/srep44088 intensity in the cytoplasm of 30 cells was measured using ImageJ software and SGs were counted in the same cells. Correlation analysis was performed using GraphPad Prism software.
RNA expression analysis. Total RNA from cells was extracted using RNAEasy mini-kit (Qiagen).
First-strand cDNA was synthesised using random primers (Promega), and SuperScriptIII or SuperScriptII reverse transcriptase (Invitrogen). Quantitative real-time PCR was run in triplicate on an ABI StepOneTM real-time PCR instrument and data were analysed using StepOneTM Software v2.0 (Applied Biosystems) and the 2− Δ Δ CT method with DyNAmo HS SYBR Green supermix and ROX (Finnzymes) as a passive reference dye. cDNA amount for each gene was normalised to that of GAPDH. Primer sequences used were as follows: GAPDH: 5′ -TCGCCAGCCGAGCCA-3′ and 5′ -GAGTTAAAAGCAGCCCTGGTG-3′ ; CHOP: 5′ -TTAAAG ATGAGCGGGTGGC-3′ and 5′ -GCTTTCAGGTGTGGTGATGTA-3′ ; GADD34: 5′ -GTAGCCTGATGGGGTGC TT-3′ and 5′ -TGAGGCAGCCGGAGATAC-3′ ; CReP: 5′ -TCGGTACAGCGTGACGTTC-3′ and 5′ -TGGTCC TTTGCGATCCTCAT-3′ .
Puromycin labeling of newly synthesised proteins. Puromycin at a final concentration of 10 μ g/ml was added directly to the media 30 min prior to lysis. In negative control samples, cycloheximide was added together with puromycin at a final concentration of 10 μ g/ml. After several washes in 1xPBS, cells were lysed directly in SDS-PAGE loading buffer. Puromycilated proteins were detected by Western blotting using a monoclonal anti-puromycin antibody.
Analysis of proteins by Western blotting. Total cell lysates were prepared by lysing cells on dishes in a loading buffer followed by denaturation at 100 °C for 5 min. SDS-PAGE and detection of proteins were carried out as described before 36 . Samples were normalised for equal loads of total eIF2α protein. Quantification of band or lane intensities of Western blots was performed using ImageJ software and mean intensity for control samples was taken as equal 1.
Primary antibodies.
Commercially available primary antibodies against the following antigens were used: eIF2α phosphorylated at Ser51: rabbit monoclonal, 119A11 (Cell Signaling) and rabbit monoclonal, ab32157 (Abcam); total eIF2α : rabbit monoclonal, D7D3 (Cell Signaling); LC3B: rabbit polyclonal, L7543 (Sigma); HSP70: mouse monoclonal, C92F3A-5 (Enzo Life Sciences); GFP: mouse monoclonal (sc-9996, Santa Cruz); ATF4: rabbit polyclonal, sc-200 (Santa Cruz); CHOP: mouse monoclonal, clone L63F7 (Cell Signaling); TIAR: mouse monoclonal, 610352 (BD Biosciences); cleaved caspase 3: rabbit polyclonal, 9661S (Cell Signaling); puromycin: mouse monoclonal, clone 12D10 (Merck Millipore); beta-actin: mouse monoclonal, A5441 (Sigma). Antibodies were used at 1:1000 dilution for all applications.
Statistics. Non-parametric Mann-Whitney U-test or Kruskal-Wallis ANOVA with post-hoc Dunn's test for multiple comparisons were used to assess significance of the difference between groups. All bar charts represent mean ± SEM, n corresponds to the number of biological replicates.
